Epidermal growth factor (EGF) mediates many pleiotrophic biological effects, one of which is alteration of cellular morphology. In the present study. we examine the possibility that this alteration in cell morphology is caused in part by the dysfunction of cadherin-mediated cell-cell adhesion using the human oesophageal cancer cell line TE-2R. which expresses E-cadherin and EGF receptor. In the presence of EGF. TE-2R changed its shape from round to fibroblastic and its colony formation from compact to sparse. Vanadate. a tyrosine phosphatase inhibitor, further potentiated the EGF response. whereas herbimycin A. a tvrosine kinase inhibitor, interfered with it. Moreover. EGF enabled the cells to invade in organotypic raft culture. These phenomena were accompanied not by decreased expression of the E-cadherin molecule but by a change in its localisation from the lateral adhesion site to the whole cell surface. Both a-and P-catenin.
Amplification of the epidermal growth factor receptor (EGFR) gene and consequent overexpression of EGFR have been observed in human carcinomas in vivo (Sainsbury et al., 1985; Malden et al., 1988; Yoshida et al., 1989) . In patients with squamous cell carcinomas of the oesophagus, we have previously demonstrated that overexpression of both EGFR and its ligand, transforming growth factor a (TGF-a), is associated with poor clinical outcome (lihara et al., 1993) . Interestingly, overexpression of TGF-acEGFR is correlated more strongly with metastasis and invasion than with tumour size. EGFR transmits a mitogenic signal through its tyrosine kinase activity. However, activation of EGFR also influences a number of other phenotypic properties in malignant cells in vitro, including cell motility stimulation (Lund-Johansen et al., 1990) and matrix protease production (Boyd. 1989; Niedbala and Sartorelli. 1989) . Consequently, acceleration of cell motility and proteolysis is considered to cause invasion when EGFR is activated. On the other hand, we have demonstrated that intercellular adhesion mediated by E-cadherin is another major factor which restricts cell invasion and metastasis (Doki et al., 1993 : Oka et al.. 1993 . Therefore, in this study, we explore the possibility that EGF EGFR perturbs the E-cadherin adhesion system and might consequently induce tumour invasion.
Cell-cell adhesion is mainly regulated by homotypic interaction of cadhenrn molecules, which are anchored to the cytoskeleton via associated cytoplasmic proteins, such as aand -catenin (Nagafuchi and Takeichi, 1988; Ozawa et al., 1989) and the 220 kDa protein (Itoh et al., 1991) . Thus, cadherin-mediated cell adhesion is composed of many components and could be disrupted in a variety of ways. Three mechanisms of alteration of the cadherin mediated cell-cell adhesion system have been described in human cancer in vivo and in vitro. The first is down-regulation of cadherin expression (Behrens et al., 1989; Frixen et al.. 1991 ) and the second is deletion of a-catenin (Shimoyama et al.. 1992 ). In the case of oesophageal cancer. reduced expression of either E-cadhemn or a-catenin has been detected in 80% of tumours (Kadowaki et al.. 1994) . The third abnormality of this adhesion system is biochemical modification of catenins. Tyrosine phosphorylation of catenins suppresses cadherin function in vitro (Matsuyoshi et al., 1992 : Behrens et al., 1993 Hamaguchi et al.. 1993) . Since, in these experiments, tyrosine phosphorylation was induced by v-Src. a nonreceptor type tyrosine kinase. it would be interesting to analyse the effect of receptor tyrosine kinase activation on E-cadherin-mediated cell-cell adhesion.
In this study. we used TE-2R cells, an E-cadherin-positive clone from human oesophageal cancer TE-2 (Doki et al.. 1993) . and found alteration of cell morphology and adhesiveness in the presence of EGF. which is accompanied by tyrosine phosphorylation of -catenin. These results are described and the possible action of EGF EGFR in cell adhesion and invasion is demonstrated.
Materials and methods
Cell culture TE-2R and TE-2S were cloned by the limiting dilution method from TE-2. a poorly differentiated squamous cell carcinoma of the human oesophagus (kindly provided by Dr Nishihira, University of Tohoku, Japan). as previously described (Doki et al., 1993 
Immunoblotting
Immunoblot analysis was carried out as described previously (Nose and Takeichi, 1986) (Takeichi, 1977 filled with 1500 jd of DH5. After incubation for 24h, the upper compartment was placed into a ftesh lower compartment and the media in both we exchang with DH5 containing graded doses (0-30 ng ml-') of EGF. Following a 48 h incubation, the cells, which passed through the micropore membrane and adhered to the bottom of the lower compartment were fixed with 10% formaldehyde, stained with haematoxylin and counted using a microscope.
Invasion assay with organotypic raft culture In vitro tumour invasiveness was evaluated using organotypic raft culture, as previously described (Doki et al., 1993) .
Briefly, in a 12-well plate, 2.5 x 105 tumour cells resuspended in 1 ml of medium were seeded on the gel of DH5 coniing 1.0mg ml-' type I collagen (Cell Matrix Type I-A, Nitta Gelatin, Osaka, Japan) and 3 x 10 human hmg fibroblasts of the MRC-5 cell line (provided by the Japanese Canr Research Resources Bankc). After inubation for 24h, gels were detached from the well, incubated for 24h to induce contraction of the gel and floated at the air-fluid interface on stainlestel grids plaiced into 100mm culture dishes. Cells were refed every other day with 10 ml of DH medium containing 10% fetal calf serum with or without EGF at lOngml'-and 30zgml-in HECD-1. After 14 days, the composite gels were fixed with 10% formaldehyde, paraffin embedded, sectioned and stained with hatoxylin and eosin. They were obsrved and photographed using a microscope.
RedIs
Morphological changes by EGF in two-dim al culture
Immunoblot analysis using total cell lysates rvealed that the TE-2R cells expressed a consideable amount of EGFR, although the level was found to be lower than in A431 cels (Figure la) . Upon addition of EGF, autophosphorylation of the EGFR was apparent by immunoblot analysis using an anti-phosphotyrosine antibody (Figure lb) . We then examined the effect of EGF on cell growth and found that EGF slightly suppressed growth in a dose-dependent manner (0-l00ngml-'). After 7 days' incubation, a mimum 30% suppression of growth was observed in the presence of 100ngml-' EGF as compared with control untreated cells (data not shown). TE-2R cells expressed a large amount of E-cadherin ( Figure Ic) and also expressed both a-and 1-catenin, which bind the cytoplamic domain of cadherin and regulate cadherin function ( Figure Id and e) .
A striking morphologial change in TE-2R was observed after 24h of exposure to EGF. More than 10ngml-' EGF led to an extensive change in cellular morphology, but at concentrations greater than 100 ng ml-' EGF appeared slightly toxic for cell growth. Therefore, in the following assay, we chose to treat cells with 30 ng ml-' unle otherwise indicated. TE-2R cells originally exhibited a round cell shape and formed cobblestone-patterned colonies. Following EGF treatment, TE-2R cells exhibited a fibroblastic shape and a dispersion of colony formation (Figure 2a and b) . To examine whether this alteration of cellular morphology is linked with the action of the tyrosine kinase, we tested the effect of vanadate, an inhibitor of phosphotyrosyl protein phosphatases that consequently potentiates tyrosine phosphorylation (Brown and Gorden, 1986) . Medium containing EGF and 0.5 mM vanadate was added to TE-2R cells and led to a further alteration in cell morphology (Figure 2c ). We a b next examined the effect of herbimycin A, a specific inhibitor of tyrosine kinase (Uehara et al., 1988) . The addition of 0.2 Lg ml-' herbimycin A inhibited the change in cell morphology induced by EGF (Figure 2d ). surfaces, where E-cadherin was strongly stained (Figure 3a) . Apparent changes in E-cadherin distribution were observed much earlier than major changes in cell morphology. After 30 min incubation with EGF. immunoreactive lines that segregate individual cells became sharp and smooth; in addition. a small amount of E-cadherin was detected in the apical surface of the cell membrane (Figure 3b) . Treatment of cells with vanadate enhanced the staining pattern whereby more E-cadherin was observed in the apical cell surface. Moreover. intercellular adhesions were partially disrupted and Ecadherin was stained as a non-continuous line (Figure 3c ). Cells treated with EGF and herbimycin A displayed the same E-cadherin localisation as untreated cells (Figure 3d ). After
Eftd o epdemal _owt f!ador on cd-cd adhesion H Shiza4u et al 253 incubation for 24 h with EGF, most E-cadhenn existed on the apical surface and a small amount remained in the cell-cell contact sites (Figure 3e ). Although an extensive alteration of E-cadhenrn localisation was induced by EGF, the total fluorescence of E-cadherin staining appeared to be at similar levels throughout these expenrments.
We also performed immunofluorescent staining utilising 4G10, an antibody against phosphotyrosine residues. We did not observe any obvious differences after 24 h treatment with EGF. However, in the early phase of EGF treatment, significant changes were observed. Figure 3f demonstrates (Figure 3g ). In the presence of both EGF and vanadate. phosphotyrosine staining in sites of cell-cell contact was enhanced (Figure 3h ). In contrast. addition of herbimycin A to EGF-treated cells led to a phosphotyrosine pattern that resembled untreated cells (Figure 3i ).
Effect of EGF on cell adhesive capacitY
The cell-cell binding activity was evaluated by both cell aggregation and dissociation assays. In the cell aggregation assay, cell aggregates were observed in TE-2R cell culture after a 30 min incubation period (Figure 4a ). E-cadherin was found to be responsible for this aggregation since an antibody against E-cadherin blocked this response (Doki et al., 1993) . In the 30 min time period, EGF did not inhibit the aggregation of TE-2R cells (Figure 4b ). However, since it took much more time to induce obvious morphological change in two-dimensional cutlure, we extended the time in suspension culture on agar to 48 h. Within this time penod. the aggregates of TE-2R cells became compact with smooth surfaces and the cells flattened and adhered tightly ( Figure  4c ), whereas in EGF-treated TE-2R cells such compaction was not induced and cell remained round and loosely adherent ( Figure 4d ). Cell dissociation was evaluated by counting the cells that passed through a micropore membrane after 48 h of incubation. In our previous study. the dissociation of TE-2R cells was facilitated by disruption of cell-cell adhesion using an E-cadherin antibody (Doki et al.. 1993 (Figure 6a and b) . as previously described (Doki et al., 1993) . In the presence of EGF (10 ng ml-'). TE-2R cells displayed invasive capacity, although the invading cell cluster was larger and the depth of invasion was shallower than that treated with HECD-1 (Figure 6c ). In cooperation with HECD-1, EGF facilitated invasion most strongly, and disruption of stratified epithelium was also observed (Figure 6d ). sion of the three molecules between EGF-treated and untreated TE-2R cells (Figure 7a-c) .
It is well known that E-cadhenrn and a and frcatenin form a complex which is stable against some detergents and in co-precipitation with an E-cadherin antibody (Ozawa et al.. 1989) . In TE-2R cells, these three molecules were detected by immunoblotting the immune complex of HECD-1, and it was observed that the amount and proportion of the three molecules did not change in the presence of EGF (data not shown). Finally. we examined tyrosine phosphorylation of the immune complex using the 4G10 antibody. which specifically recognises phosphotyrosine residues. In the absence of EGF. none of the components of the immune complex was tyrosine phosphorylated. However. in the presence of EGF. the 4G10 antibody revealed an 88 kDa protein, which was confirmed to be P-catenin by immunoblotting (Figure 7d ). Moreover. phosphorylation of the 88 kDa band of frcatenin was strongly enhanced by the addition of vanadate and disappeared upon addition of herbimycin A to EGF-treated TE-2R cells (Figure 7d ).
Discussion
The present study describes the effect that EGF has on the E-cadherin adhesion system and the consequent effects on cellular morphology. In the presence of EGF, TE-2R cells displayed morphological changes including transition to a fibroblastic cell shape and dispersed colony formation, which was similar to that of the cells without E-cadherin (Doki et al.. 1993) . Also. in long-term aggregation and cell dissociation assays. the adhesive capacity of TE-2R cells was suppressed by EGF. These results suggest that, in the presence of EGF. TE-2R cells lose their characteristic morphology, accompanied by changes to E-cadherin expression.
Striking changes were not observed, however, in short-term Figue 7 Immunoblot analysis of (a) E-cadherin (E-cad, MW = 124 kDa) in total cell extracts (lanes I and 2). detergent-soluble fraction (lanes Is and 2s) and insoluble fraction (lane li and 2i), (b) (Kadowaki et al.. 1994; Matsui et al., 1994) . However, some tumours. especially signet ring cell carcinomas of the stomach, express both E-cadherin and x-catenin and exhibit inconsistent invasion, forming dispersed colonies . Some of them have been shown to have a mutated E-cadherin gene (Becker et al., 1994; Oda et al.. 1994 Schlessinger, 1990) . Hepatocyte growth factor receptor is one of them and is known to promote not only cell growth but cell scattering (Matsumoto and Nakamura. 1992) , indicating that phosphorylation of frcatenin may be involved. Thus, the association of growth factor signal transduction and cell adhesion is an important problem that should be further investigated.
